Bovine heart cytochrome c oxidase is a large multi-component membrane protein containing several phospholipids. X-ray structures of this enzyme at high resolution, determined recently, show a trigonal planar structure of Cu B site in the O 2 reduction site, which could contribute critically to the four-electron reduction of O 2 bound at haem a 3 , and a hydrogen bond network, through which the proton pump is driven by haem a. The possible roles of phospholipids in the enzyme functions are discussed.
Introduction
Cytochrome c oxidase is the terminal oxidase of cell respiration. It reduces molecular oxygen to water in a reaction coupled with a proton-pumping process. The electrons and protons used for the reduction of O 2 are transferred to the enzyme from the intermembrane and matrix spaces respectively. It is the separation of the electron and proton transfers that drives the accumulation of the membrane potential. The reaction catalysed by cytochrome c oxidase is one of the most extensively studied physiological processes [1] . The O 2 reduction site of the enzyme is composed of haem a 3 and Cu B . This enzyme contains the two other redox active metal sites, haem a and Cu A [1] .
Most aerobic organisms have a terminal oxidase containing two haem A sites in the low-and high-spin states (haems a and a 3 ), although some species of bacterial terminal oxidases contain haems O and B instead of haem A. Although haems O and B do not have the formyl and hydroxyfarnesylethyl groups that are present in haem A, these two functional groups do contribute to catalysis of O 2 reduction and electron transfer by cytochrome c oxidase of aerobic organisms. Haems A, B and O have different peripheral groups and conformations. It is expected that these haem structural differences are differentially accommodated by their respective protein environments. Thus valuable insights may be gained from careful comparison of structure and function of haem peripheral groups of different classes of terminal oxidases.
O 2 reduction mechanism
One of the most important and intriguing functions of cytochrome c oxidase is to reduce molecular oxygen to water without releasing active oxygen species such as superoxide or peroxide. The mechanism of activation of the intrinsically inert dioxygen molecule, O 2 , is an important subject in the Key words: bovine heart cytochrome c oxidase, haem a3, O2 reduction site, phospholipid, proton pumping, X-ray structure. 1 email yoshi@sci.u-hyogo.ac.jp field of bioenergetics. The proposal that Cu B and haem a 3 are in close proximity to each other at the O 2 reduction site was made before the first report of an X-ray structure of cytochrome c oxidase [2] . The proximity of the two metal sites appeared to be critical for the O 2 activation, since twoelectron reduction of O 2 is energetically favourable but one-electron reduction is unfavourable [3] . The O 2 bound at haem a 3 in the O 2 reduction site would be readily reduced to the peroxide (O 2 2− ), at a rate limited by an electron transfer to the bound O 2 from Cu B located nearby. Formation of the O 2 -bound form is limited by O 2 transfer in the protein interior from the enzyme surface. The latter rate is likely to be much slower than the former so that the initial intermediate is not the O 2 -bound form but instead a peroxide-bound (or bridging) form.
In contrast with this proposal, time-resolved resonance Raman investigations have revealed that the initial intermediate is the O 2 -bound form instead of the peroxide-bound form, and that the second intermediate is an oxidebound form (Fe = O) [4] . The structure of the second intermediate indicates that the O-O bond has been broken during the transition from the initial intermediate to the second intermediate. This transition is a four-electron reduction process.
An X-ray structure of the O 2 reduction site of bovine heart cytochrome c oxidase in the reduced state at 1.9 Å (1 Å ≡ 0.1 nm) resolution provides insight into this unexpected O 2 reduction process [5] . Cu B 1+ is co-ordinated by three histidine imidazole groups in trigonal planar geometry, suggesting that Cu B 1+ is a poor electron donor as well as a poor ligand acceptor. The geometry suggests the existence of a very weak interaction between Cu B 1+ and O 2 bound at Fe a3 2+ . The X-ray structure also indicates a covalent bond between one of the histidine imidazoles and a tyrosine residue near the O 2 reduction site. The covalent bond provides an effective electron transfer pathway from Cu B 1+ to the tyrosine when it is in the reduced state. If the tyrosine covalently bound to the imidazole group could form a hydrogen bond with the Fe a3 2+ -O 2 intermediate, this event could trigger the O 2 reduction process. However, the location of the tyrosine residue indicates that hydrogen-bond formation between the tyrosine and the O 2 at Fe a3 2+ is sterically hindered. A significant conformational change that would limit the overall reaction is required for the proposed hydrogen-bond formation [5] . The trigonal planar co-ordination of Cu B 1+ and the steric hindrance of hydrogen-bond formation between the tyrosine and the bound O 2 are the two major factors that contribute to the stability of the O 2 -bound intermediate.
The 
Proton-pumping mechanism
X-ray and mutation analyses of bovine and bacterial cytochrome c oxidases indicate the existence of three potential hydrogen-bond networks, which could function as proton transfer pathways [1] . The K-and D-pathways connect the matrix surface with the O 2 reduction site. The H-pathway extends across the enzyme between the matrix and intermembrane surfaces and does not make contact with the O 2 reduction site [5] . The structures themselves suggest that the K-and D-pathways transfer protons that are used for water formation, and that the H-pathway is used as the conduit for the proton-pumping process. In fact, mutations of the amino acids of the K-and D-pathways, which disrupt the hydrogen-bond networks, have the effect of impairment of the O 2 reduction function as well as disabling the protonpumping process [6] . These mutation analyses provide strong evidence that proton transfers through these pathways are tightly coupled with the electron transfer to the O 2 reduction site from Cu A . Without O 2 reduction, the proton-pumping process is also inhibited for lack of available free energy.
Mutation of a D-pathway asparagine to aspartate stimulates the O 2 reduction activity significantly, with complete impairment of the proton-pumping activity [7, 8] . The mutation site, located in the middle of the D-pathway, cannot act as the proton-pumping site. These results indicate that the proton-pumping process is impaired by a long-range interaction between the mutation site and a proton-pumping site, which is separated from the mutation site. However, recent consensus has been reached that these D-pathway mutations that result in impairment of the proton-pumping function indicate that the D-pathway transfers protons that are used in the proton-pumping process and also transfers protons used for water formation. If this proposal holds true, the O 2 reduction site must have a functional structure, which could sort protons used in the proton-pumping process from those used for water formation. Otherwise, dissipation of the free energy required for proton pumping would occur at the O 2 reduction site. The sorting system should include effective insulation to avoid spontaneous proton leakage from the proton-pumping pathway to the O 2 reduction site pathway after passing though a branching point. The X-ray structures of bovine heart cytochrome c oxidase at approx. 1.8-1.9 Å resolution do not readily indicate the presence of a proton sorting structure [5] . Recently, it has been shown that K-pathway mutations also abolish both the electron transfer and proton-pumping process [9] . If the same logic proposed for interpretation of the D-pathway mutation effects on proton pumping is applied for interpretation of Kpathway mutation effects on proton pumping, the K-pathway would also be capable of transfer of protons used in the proton-pumping process as well as protons used for water formation.
A redox-coupled conformational change is detectable in an aspartate residue that is located at the intermembrane side at the end of the H-pathway in X-ray structures of bovine heart cytochrome c oxidase at 1.8-1.9 Å resolution in the oxidized and reduced states [5] . The redox-coupled conformational change is accompanied by a significant microenvironmental change of the carboxy group of the aspartate residue. In the oxidized state, it is hydrogen-bonded to two serine-OH groups and two peptide NH groups in the interior of the protein. In the reduced state, three water molecules and one serine-OH group are hydrogen-bonded to the carboxy group exposed to the intermembrane phase. The structural change suggests that the pK a of the carboxy group decreases by approx. 5 pH units upon reduction [5] .
The aspartate residue is connected with the matrix space by a hydrogen-bond network to an arginine residue, which is hydrogen-bonded to the formyl group of haem a, and a water channel extends from the formyl-arginine site to the matrix surface. Water molecules in the matrix space have access to the formyl-arginine site. Haem a is in a six-co-ordinated low-spin state in both oxidation states. In the reduced state (Fe a 2+ ), the positive charges on the iron are neutralized with the two negative charges of porphyrin A. Upon oxidation, haem a has one equivalent of net positive charge, since no counter ion is introduced into the haem a environment. The net positive charge is delocalized to the formyl group, which is in conjugation with the porphyrin π -electron system, as indicated by resonance Raman spectroscopy [10] . The positive charge increase stimulates the proton active transport to the aspartate residue near the intermembrane surface in the oxidized state. Coupling of the O 2 reduction with the proton pumping occurs at the formyl-arginine site. One of the advantages of this coupling mechanism is a perfect separation of the proton-pumping system from the proton transfer system used for water formation.
However, this proposed proton-pumping mechanism has not been widely accepted since the aspartate, the critical residue of the H-pathway, is conserved only in the animal kingdom. Bacterial and plant cytochrome c oxidases (the terminal oxidases) do not have a corresponding residue. Presently, X-ray structures of three bacterial cytochrome c oxidases have been reported at resolutions higher than 2.8 Å [11] [12] [13] . The two enzymes with haems a and a 3 [11, 13] appear to have an H-pathway similar to that of the bovine cytochrome c oxidase, except that a glycine residue and a water molecule occupy the analogous aspartate position in the bovine enzyme. The X-ray structure of the third enzyme with haems b and a 3 [13] shows evidence of a putative proton transfer pathway (known as the Q-pathway) that extends from the cytoplasmic surface to the periplasmic surface. This Q-pathway has no homology with the H-pathway of bovine and bacterial enzymes. A significantly lower proton-pumping efficiency (H + /e − = 0.5) has been reported for the ba 3 -type enzyme [13] . These results suggest that although the protonpumping mechanisms through H-and Q-pathways are not completely identical, protons used in the proton-pumping process are driven by the low-spin haem through an H-or Q-pathway. Thus one of the roles of the low-spin haems is to couple the O 2 reduction with the proton-pumping process.
The proposal that the aspartate residue acts as the protonpumping site has been confirmed by examination of the effect of mutation of the aspartate of bovine cytochrome c oxidase to asparagine. The mutation abolishes the protonpumping function without impairment of the O 2 reduction activity [5] .
Structural determinations of phospholipids
Accuracy of quantitative determination of phospholipids in phospholipid-containing membrane proteins is not sufficiently high for independent determination of the phospholipid to protein stoichiometric ratio. In most cases, the head groups of phospholipids are not tightly fixed in the X-ray structure. Thus identification of the phospholipids in the X-ray structure is often inaccurate without chemical analyses. It should be noted that the accuracy of X-ray structures is limited by the thermal fluctuation of the protein molecules in the crystal lattice. Presently, at optimal resolution of the bovine heart cytochrome c oxidase X-ray structure (1.8-1.9 Å ), the position and cis/trans structures of the unsaturated bonds in the fatty acid tails cannot be assigned [5] . Mass spectral analysis is the most powerful means for structural determination of the extracted phospholipids. However, the cis/trans configuration cannot be determined by this analytical method. GC is required for determination of the cis/trans configuration. The complete chemical structural determination for the extracted phospholipids is possible using these chemical analysis techniques. X-ray structural analyses could compensate for the limitation of the quantification of the phospholipid content by chemical analysis. Furthermore, X-ray structural analysis is necessary for investigations of the conformations of the phospholipids in the protein and in the lipid-protein interactions.
Possible roles of phospholipids in bovine heart cytochrome c oxidase Several phospholipids have been identified in X-ray structures of bovine heart cytochrome c oxidase at 2.8 Å resolution [14] . The second largest subunit, which has no redox-active metal sites and is encoded by a mitochondrial gene, retains its phospholipids fairly tightly in the crevice in the middle of the large transmembrane protein. In the largest subunit (which contains the O 2 reduction site), the phospholipid cluster is located at the entrance of one of the O 2 -inlet pathways. These phospholipids in the second largest subunits could function as a means for storage of O 2 .
Five additional phospholipid molecules have been identified in the X-ray structure obtained at 2.8 Å resolution [14] . The flexible fatty acid tails fill the spaces between the rigid transmembrane α-helices and appear to stabilize the conformation of each subunit as well as the subunit assembly. These apparent stabilizing influences of the phospholipids suggest that removal of phospholipids would induce irreversible denaturation. The consistent presence of phospholipids within the subunits of cytochrome c oxidase may suggest that, in addition to providing structural support, they may play intrinsic functional roles.
